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Abstract 
Phase, microstructural, dielectric and ferroelectric properties investigation clearly reveal that 
the charge imbalance created due to alio-valent Gd
3+
-ion substitution at Pb
2+
 site in lead 
magnesium niobate should be compensated by changing B-site cation ratio instead of creating 
A-site or B-site vacancies. Microstructure analysis along with elemental mapping exhibit 
segregation of magnesium oxide (MgO) and gadolinium niobate (GdNbO4) phase, which is 
observed to remain invariant to the charge compensation mechanism. Fitting of frequency 
dependent temperature of dielectric constant maximum Tm (temperature of max) and the 
Mydosh parameter “K” calculated from the max (T) clearly reveals critical slowing down of 
polar nano-regions (PNRs) dynamics leading to super-dipolar glass state in Gd
3+
-ion 
substituted PMN, when the charge imbalance is compensated by creating B-site vacancy or 
changing B-site cations ratio. Precipitation of secondary (pyrochlore) phase is resulted in 
Gd
3+
-ion substituted PMN when the charge imbalance is compensated by creating A-site 
vacancies, which causes reduction in interaction among the PNRs and circumventing the 
super-dipolar glass state.  
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1. Introduction 
Relaxor ferroelectrics (RFEs) are fascinating because of their (i) unusual properties 
such as high and frequency dependent dielectric constants, minimal hysteresis loss, and large 
electromechanical strains that are not yet understood and (ii) utility in multilayer capacitors, 
actuators, transducers, and sensors etc. from technological perspective [1-5]. The RFEs, 
particularly, lead magnesium niobate (PMN), are described by nano sized cation and 
structural disorder, which leads to random electric/strain/bond fields and local phase 
fluctuations [3,4]. The random electric field is caused by the presence of chemically ordered 
regions (CORs) and polar nano regions (PNRs), which are believed to be responsible for the 
high dielectric and distinctive piezoelectric properties [6,7]. The CORs are Mg/Nb 
superstructure regions having Fm3m crystal structure as described by “random layer model” 
and appear below ~1000 K [8,9]. The PNRs are parmanently correlated dipole moment 
regions with a rhombohedral R3m crystal symmetry appear below the Burns temperature TB 
~ 600 K [6,7,10]. Local characterization tools such as Raman spectroscopy, diffused neutron 
scattering and transmission electron microscopy (TEM) shows that number/size of the CORs 
remains unchanged in the temperature range of 5-800 K [11-13]. However, number/size of 
the PNRs grow on cooling below the TB and these regions freeze to ferroelectric nano sized 
domain state below a temperature Tf ~220 K, which is also termed as ergodic to nonergodic 
transformation state akin to glasses [6,7,10,14]. At present, there are two acceptable models, 
(i) dipole glass model [6,15,16] and (ii) random-field model [17,18] for describing unique 
dielectric properties and the formation of nano-polar state in the PMN. However, origin of the 
CORs and inability of the PNRs to grow in micron size below the Tm in zero-field cooling 
condition is not clear. 
The CORs and PNRs of PMN are correlated and reported to be influenced by 
application of an external electric field and/or A/B-site chemical substitution by alio-valent 
ions [19-26]. Application of an external electric field has revealed a phase transition from 
glass phase to ferroelectric phase at a critical field of ~2 kV/cm in the temperature range of 
160 K - 200 K [19]. On the other hand, B-site modification of PMN with Ti and Zr leads to 
reduction in size of the CORs and enhancement in size of the PNRs from nano to micron size 
i.e., relaxor to ferroelectric phase transition [20-23]. The A-site modification of PMN by La, 
Sm, Nd, Tb, Pr, etc. causes enhancement in size of the CORs and reduction in size of the 
PNRs leading to increase relaxor-like dielectric characteristics [22,24-27]. 
Alio-valent La
3+
-ion substitution at the Pb
2+
 site in PZT is extensively studied for 
electro-optic application and dielectric properties of the PZT is significantly modified [28]. 
The charge imbalance due to La
3+
 ion at the Pb
2+
 ion site is already reported to compensate 
by creating A or B-site vacancies [29]. The maximum dielectric constant (max) and 
corresponding Tm (temperature of max) has been shown to depend upon the charge imbalance 
compensation mechanism. Similarly, charge imbalance compensation mechanism plays an 
important role in single perovskite phase formation in La-ion substituted morphotropic phase 
composition of PMN-PT 65/35 [30]. The aim of the present work is to correlate phase, 
microstructure, dielectric and ferroelectric properties with the charge compensation 
mechanism for magnetic rare-earth ion (Gd
3+
) substituted PMN. The charge imbalance due to 
Gd
3+
 at the Pb
2+
 site of PMN is compensated by (i) creating A-vacancies (Pb1-
2x/3Gdx(Mg1/3Nb2/3)O3) (ii) B-site vacancies (Pb1-xGdx(Mg1/3Nb2/3)1-x/4O3) and (iii) changing 
the B-site cations ratio (Pb1-xGdx(Mg1+x/3Nb2-x/3)O3) and correlations are established. 
 
2. Experimental 
All ceramic samples of Gd-ion (x = 0.04) modified PMN [where charge imbalance is 
compensated by (i) creating Pb-ion vacancies (Pb1-2x/3Gdx(Mg1/3Nb2/3)O3; designated as 
PGMN4-VA) or (ii) creating Mg/Nb-ions vacancies (Pb1-xGdx(Mg1/3Nb2/3)1-x/4O3; designated 
as PGMN4-VB) or (iii) changing the ratio of Mg/Nb-ions (Pb1-xGdx(Mg1+x/3Nb2-x/3)O3; 
designated as PGMN4-R) of the ABO3 structure] are synthesized by the Columbite precursor 
method using high purity chemicals (‘Alfa aesar’ make): PbO (99.9%), Gd2O3 (99.99%), 
MgO (99.95%), Nb2O5 (99.9%). The Columbite precursor, magnesium niobate, MgNb2O6 for 
PGMN4-VA, PGMN4-VB and (Mg(1+x)/3Nb(2-x)/3O4-x/2, for x = 0.04) for PGMN4-R are 
prepared by mixing pre-determined amounts of MgO and Nb2O5 in ethanol and ball mill in 
zirconia bowl for 24 hours using zirconia grinding media.  The slurry is dried in oven at 70 
o
C and the dried powder is calcined at 1200 
o
C for 2 hours. The calcined powder is once 
again ball milled for 24 hours and then dried similarly as mentioned above. Phase formation 
of the Columbite precursor is confirmed by using x-ray diffraction (XRD). The Columbite 
precursor is then mixed and ball milled with the predetermined amounts of PbO and Gd2O3 
powders. Details about the ceramic fabrication are similar to the earlier report [26, 31]. In all 
the sintered ceramics, a sintered density greater than 97% of the theoretical is achieved. The 
calcined powder and the sintered specimens are analysed for phase using the XRD pattern. 
The XRD data is recorded on a Philips X'Pert diffractometer (Cu Kα source with λ = 1.54 Å) 
using a scan rate of 0.5°/min with 0.01° step size in the 2θ range 15°–90° to confirm the 
crystal structure and the phase. Rietveld refinement of the XRD pattern is carried out using 
Fullprof software to refine the lattice parameters of the crystal structure [32]. Field Emission 
Scanning Electron Microscope (FE-SEM, Carl Zeiss, SIGMA) equipped with energy 
dispersive spectroscopy (Oxford Inca X-Act LN2 free) is used for grain size, morphology and 
elemental determination from a fractured surface. The fractured surfaces are sputtered by 
gold. The linear intercept method (Image J software) has been used to measure the average 
grain size. 
The sintered blocks are cut into thin disks and polished on different grades of emery 
papers to obtain parallel surfaces. The polished surfaces are ultrasonically cleaned to remove 
dust particles. The polished discs are electroded using sputtered on gold, followed by a thin 
coating of silver paste (dried at 450 
o
C for 2 minutes) to assure good electrical contact. The 
dielectric response is measured using a Hewlett-Packard 4194A impedance analyser, which 
can cover a frequency range from 0.1 kHz to 100 kHz.  For low temperature measurements, 
the samples are placed in a Delta Design 9023 test chamber, which is operated between -160 
o
C and +160 
o
C. The temperature is measured using a Eurotherm temperature controller via a 
K-type thermocouple mounted directly on the ground electrode of the sample fixture. The 
analyser, test chamber and Eurotherm temperature controller are interfaced with computer to 
collect data at 20 different frequencies while cooling at a rate of 2 
o
C/min. Field induced 
polarization measurements are carried out at 50 Hz using Precision workstation of Radiant 
Technology, USA. For low temperature PE loop measurement, ceramic sample is kept in cold 
finger set up submerged in liquid nitrogen and temperature of the sample is measured using 
RTD sensor mounted directly on the ground electrode of the sample fixture. All the HP-
sintered ceramics are tested up to maximum 20 kV/cm external field applied at 50 Hz. 
Application of more than 20 kV/cm at lower frequencies are not carried out due to sample 
fixture limitation. 
 
3. Results and discussion 
 
3.1. Phase analysis using XRD, EDXS and SEM 
Figure 1 compares room temperature XRD pattern of sintered PMN ceramics with Gd-
substituted PMN (PGMN4-VA/VB/R) ceramics. It is observed that single perovskite phase is 
present for PMN but minor secondary phase along with pure perovskite phase are present in 
PGMN4-VA/VB/R. All the major diffraction peaks in the XRD pattern are indexed with 
perovskite phase of the PMN (JCPDF 22-1199) and other minor peaks are assigned to the 
pyrochlore phase (JCPDF 37-0071), marked by ‘*’), GdNbO4 phase (JCPDF 22-1104, 
marked by ‘o’), and MgO (JCPDF 89-4248, marked by an arrow), which are depicted in the 
inset of Fig. 1. The inset of Fig. 1, clearly reveals formation of the pyrochlore phase for 
PGMN4-VA in which the charge imbalance is compensated by creating A-site vacancies. No 
diffraction peak corresponding to the pyrochlore phase is noticed for PGMN4-VB and 
PGMN4-R. Few minor peaks (marked by ‘o’) are related to another secondary GdNbO4 
phase, whose concentration is found to be less than 1 %.  
Fractions of major and minor phases are determined by multiphase Rietveld refinement 
of the XRD pattern of PGMN4-VA/VB/R ceramics using Fullprof software. For structural 
analysis, the crystal symmetry Pm3m, Fm3m, Fd3m and I2/a are considered for perovskite, 
pyrochlore, MgO and GdNbO4 phase, respectively [26]. Figure 2(a-d) depicts fitting of the 
simulated patterns with the experimental data of PMN and PGMN4-VA/VB/R ceramics. 
Reliability factor (Rp, Rwp, and 
2
), as mentioned in fig.2a-d, also confirm a good fitting. The 
phase fractions and lattice parameter are tabulated in Table 1. Segregation of the GdNbO4 
phase in PGMN4-VB and PGMN4-R ceramics agrees well with the earlier proposed 
solubility limit (~2-3%) of Gd in PMN [26,31,33]. Further, the lattice parameter is decreased 
from 4.0439(4) Ǻ to 4.0419(3) with 4 at.% Gd-substitution, which is consistent with smaller 
ionic radii of Gd
3+
 for 12 co-ordination (rGd3+ ~1.276 Å) than Pb
2+
 (rPb2+ ~1.49 Å). The lattice 
parameter is found invariant to the charge compensation mechanism used for Gd-ion 
substitution at Pb-ion site in PMN.  
Enlarged view of diffraction peak within 2θ range from 15 o to 27 o (left panel of the 
inset of Fig. 1) reveal a noticeable peak for PGMN4-VB and PGMN4-R specimen, which has 
been assigned to the super-lattice reflections resulting from the CORs induced doubling of 
unit cell. It is widely known that the 1:1 non-stoichiometric CORs are coexisted with the 
PNRs in PMN. Size of the CORs (2-5 nm) in PMN is reported to remain unaffected in 
temperature range 5 to 800 K [24]. Recently, Gd-ion substitution in PMN has shown an 
enhancement in size of the CORs, which has been related to an increase in the intensity of the 
super-lattice reflection spots at <½ ½ ½> along <111> unit axis direction. No peak 
corresponding to the super-lattice has been observed for pure PMN and for PGMN4-VA. 
Absence of the super-lattice diffraction peak in pure PMN is consistent with earlier reports 
[34]. However, absence of the super-lattice diffraction peak in the PGMN4-VA may be 
related to precipitation of the pyrochlore phase. It is known that non-stoichiometric ordering 
of Mg
2+
 and Nb
5+
 ions in the CORs is a charged state, which is believed to be encapsulated 
by appositively charged state limiting its size to 2-5 nm. Alio-valent doping in PMN disrupts 
the charge neutrality, which leads to either precipitation of the pyrochlore phase (Nb-rich) or 
enhancement of the CORs region (Mg-rich). Creation of the A-site vacancy for PGMN4-A 
causes precipitation of the pyrochlore phase as a natural way for the charge imbalance 
compensation mechanism without influencing the CORs size and hence absence of the 
diffraction peak near ~19
o
 2θ angle.  Enhancement in intensity of the super-lattice peak is 
consistent with earlier report of alio-valent doped La-PMN, Nd-PMN, Sm-PMN and Pr-PMN 
etc. ceramics in which the charge imbalance is compensated with changing B-site cation ratio 
[34-37]. 
Figure 3(a-d) compares scanning electron microstructure (SEM) images of the fractured 
surface of PMN, PGMN4-VA, PGMN4-VB, and PGMN4-R, respectively. Both inter-
granular and intra-granular fractures along with negligible porosity indicating good sintered 
density are depicted. Linear intercept method has revealed an average grain size ~ 11 μm for 
PMN and different average grain size ~ 2.5-12 μm for Gd-substituted PMN. The least 
average grain size, 2.5 μm is noticed for PGMN4-VA. The average grain size for PGMN4-
VB, 4.8 μm is found smaller than 12 μm for PGMN4-R (Table 1), which can be explained by 
defect inhibited grain growth. In PGMN4-VA, the charge imbalance is compensated by 
creating Pb-ion vacancies. It may be noticed that for every 2Gd
3+
-ion substitution one Pb
2+
 
ion vacancy is created, whereas one B-site ion vacancy is created for every 4 Gd
3+
-ion 
substitution in PGMN4-VB. Larger concentration of the Pb-vacancies in PGMN4-VA 
compared to that in the B-site vacancies in PGMN4-VB has resulted reduction in grain 
growth. No-vacancies are created for PGMN-R and hence the grain growth during sintering is 
not influenced. Similar grain size variations have been reported for rare-earths doped PMN 
and PMN-PT systems with similar doping level [38-40]. 
Apart from well-developed large grains of the perovskite phase, few spherical grains (< 
1 μm), as indicated by an arrow in Figs. 3(b-d), are also present for PGMN4-VA/VB/R 
ceramics. Figure 4(a-d) depicts the Pb, Gd, Mg, and Nb elemental mapping on the fractured 
surface of PMN and PGMN4-VA/VB/R ceramics. Figure 4(a) depicts uniform distribution of 
the Pb, Mg and Nb elements in the grains of PMN. Segregation of the Gd-ions and Mg-ions 
is noticed for PGMN4-VA/VB/R ceramics [Fig. 4(b-d)]. Segregation of the Gd-ion is due to 
formation of the GdNbO4 phase and is consistent with the XRD-analysis. Formation of the 
GdNbO4 phase has been reported [31,33] to result precipitation of the MgO phase, which is 
also confirmed in the elemental mapping for PGMN4-VA/VB/R ceramics. It may be noticed 
that segregation of the Gd-ion in the form of the GdNbO4 phase is not observed in the XRD 
spectra of PGMN4-VA, which is due to masking of the diffracted peak related to the GdNbO4 
phase by the diffracted peak related to the pyrochlore phase. Another interesting observation 
is large segregation of the Mg-ion for PGMN4-VA compared to PGMN4-VB and PGMN4-R 
ceramics. It is also noticed that Mg-ion rich and Gd-ion rich regions are close to each other, 
which strengthen the proposed reaction [26,31] about formation of the GdNbO4 phase from 
reaction of the Gd2O3 with the Nb-rich pyrochlore phase resulting in the MgO segregation. 
The detailed microstructural investigation demonstrates an important role of the charge 
imbalance compensation mechanism on the secondary pyrochlore and GdNbO4 phase in Gd-
substituted PMN. This study also reveals non-dependence of the GdNbO4 phase on the 
charge compensation mechanism. Further, temperature dependent dielectric and ferroelectric 
measurements are carried to study the influence of charge compensation mechanism on 
electrical properties. 
 
3.2. Dielectric and ferroelectric properties 
Temperature dependent dielectric properties (ε’ and Tan ) at different frequencies are 
performed to investigate effect of the charge compensation mechanism on the relaxor 
dielectric behaviour. Figure 5(a-d) shows temperature dependent of the dielectric constant 
and loss tangent at selected frequencies for PMN and PGMN4-VA/VB/R ceramics, 
respectively. Typical relaxor like dielectric characteristics i.e., broad dielectric maxima (εm) 
with strong frequency dispersion near Tm (T of εm peak) i.e. Tm shifts progressively towards 
higher temperature with increasing frequency have been observed. This indicates that 
relaxation process of the PNRs dynamic occurs at multiple time scale. The temperature 
dependence of ε’ and Tan  at 1 kHz for PMN and PGMN4-VA/VB/R are compared in Fig. 
6(a) and the εm and Tm are presented in Table 2. The εm ~ 21762 and Tm ~265 K for PMN are 
in good agreement with earlier reports [2,6,26]. The 4 at% Gd-ion substitution in PMN has 
reduced the Tm (~ 30 K) and εm (~7600) and is consistent with increase in size of the CORs, 
decrease in number or/and sizes of the PNRs and presence of the secondary pyrochlore and 
GdNbO4 phases leading to reduction in correlation among the PNRs [26,33], which is also in 
good agreement with earlier reports on A-site substitution by alio-valent ions [37]. The least 
value of the εm ~ 4360 is observed for PGMN4-VA compared to ~ 7600 for PGMN4-VB/R, 
which is due to presence of ~ 48% pyrochlore phase. It is also observed that PGMN4-VA 
shows higher value of the Tm ~247 K compared to 235 K for PGMN4-VB/R, which may be 
due to low Gd-ion substitution at Pb-site in perovskite lattice and because of the precipitation 
of GdNbO4 from reaction between the pyrochlore and Gd2O3 [26,31].  
Relaxor dielectric characteristics are generally demonstrated by degree of diffuseness 
(δA), degree of relaxation (∆Tm) and correlation length among the polar nano-regions. 
Interacting polar nano-regions is known to grow below the TB and enhance their correlation 
length during cooling. Depending upon the correlations among the PNRs, slowing down of 
polarization fluctuation at T < Tm into randomly orientated polar domains also called super 
dipolar glass state [41] has been reported. Figure 6(b) compares the ε’(T) curves at 1 kHz 
frequency in reduced form ε’/ε’m vs T/Tm for the PMN and PGMN4-VA/VB/R ceramics. 
Degree of diffusion is observed to increase with Gd-ion substitution and also relate with the 
defect concentration. The broadness around the 0.8*T/Tm clearly reveals large degree of 
diffusion for the PGMN4-VA compared to the PGMN4-VB/R, which is due to the presence 
of the pyrochlore phase. Larger broadness is observed for the PGMN4-VB compared to the 
PGMN4-R, which is attributed to large defect concentrations.  
Modified Curie-Weiss relation (Eq. 1) has been used to fit the ε’(T) above Tm [42] 
     
      
   
         
 
   
      (1) 
where, εA (> εm), TA (< Tm) and δA (diffuseness) are the fitting parameters, practically 
independent of frequency and valid for long range of temperatures above the εm. Inset of the 
Fig. 6(c) represents fitting of the 1/εm data above Tm to Eq. (1) for PGMN4-VB. The 
diffuseness parameter δA is presented in Table 2 and also shown in Fig. 6(c) for different 
charge compensation method. The δA parameter of Gd-substituted PMN is approximately 
double of that of the PMN, which is attributed to enhancement in the degree of cation’s site 
chemical/charge disorder at the A/B-sites. Further, ∆Tm (= Tm,100kHz - Tm,100Hz) is related to 
degree of relaxation and observe to increase from 13.6 (PMN) to 22.4 (PGMN4-R) 
suggesting enhancement in relaxor characteristics (Table 2).  
Frequency dependent dielectric behaviour is a result of the PNRs statistical 
distribution over wide temperatures range. Number of models are reported to explain 
frequency dependence of the Tm and the reasonableness of the fitting parameters reveal 
insight of the interaction among the PNRs [43-46]. Recently, interaction among the PNRs 
resulting into a critical slowing down of PNRs dynamics at temperature (Tg), represented by 
following relation, is found suitable for Gd-doped PMN [26]. The relation is  
     
 
  
   
  
      (2) 
where, fo is attempt frequency [τo
-1
 = (2πfo)
-1
 is the microscopic time associated with 
flipping of fluctuating dipole entities], zv is critical dynamic exponent and Tg is glass 
transition temperature. Figure 6(d) shows fitting of frequency dependence of the Tm(f) to Eq. 
(2) and the corresponding fitted parameters fo, zν and Tg for PMN and PGMN4-VA/VB/R are 
reported in Table 3 along with the goodness of fit. The open symbols in Fig. 6(d) represent 
experimental data points and solid line represents the fitted curve. Accurate value of the Tm is 
determined by fitting the ε’(T) curve for each frequency in a narrow temperature range 
around the Tm. The fitted parameters fo ~ 1.58±0.46 x 10
15
 Hz, Tg = 248.4±0.6 K, and zν = 
10.5±0.4 of PMN are consistent with earlier reported values of PMN [26]. With Gd-
substitution, the fo decreased from ~10
15
 Hz to ~10
13
 Hz. Recently in PMN, nonergodic 
ferroelectric cluster glass ground state (also known as “super-dipolar” glass) is reported to 
develop at a static glass temperature (Tg = 238K), which is due to ensemble the PNRs under 
random electrostatic interaction at high temperature (T > Tm) [41]. The fitting parameter Tg is 
found decreasing from ~224 K to 193 K and zν is increased from 10.8 to 14.0 with decrease 
in the defect concentration, which suggests critical slowing down of dynamics of PNRs 
ensemble (cluster) below this temperature. These fitting parameter are in agreement with the 
mesoscopic size of the PNRs.  
In order to get more insight into the glassy phase, the frequency dependent ε’ (T) data 
is analysed by an empirical (also known as Mydosh) parameter “” = Tmax / (Tmax x log 
(f)), which has been reported to distinguish between spin glass (SG), cluster glass (CG) and 
superparamagnetic (SPM) states in magnetic materials. As reported earlier, the related shift 
Tmax/Tmax is calculated with change of frequency between 100 Hz and ~150 kHz [47]. The 
larger value of “” > 0.1 is associated to non-interacting spins for SPM system, ~0.03-0.06 
for CG weakly interacting spins and smaller values ~0.005-0.01 for SG with strongly 
interacting spins. Thus, the value of “K” is used to distinguish between dipolar glass, super-
dipolar glass (CG) and super-paraelectric (SPE) states. The values of “” are presented in 
Table 3 for PMN and PGMN4-VA/VB/R. A non-ergodic ferroelectric cluster-glass state or 
“super-dipolar” glass state is expected for PGMN4-VB and PGMN4-R with “” value ~ 
0.03. Lower “K” value for PGMN4-VA is due to the pyrochlore phase, which might be 
interfering in the interaction among the PNRs.   
Figure 7(a-b) compares PE-loop measured at temperature 300 K and 180 K when 20 
kV/cm field is switched at 50 Hz frequency for PGMN4-VA/VB/R ceramic samples. At 300 
K, the PE-loop is “S-shaped” and hysteresis loss free displaying nonlinear nature of the 
polarization to the applied field and tendency of saturation at large field, as shown in upper 
side of the inset of Fig. 7(a). The value of maximum polarization, Pmax ~ 21.5 μC/cm
2
 at 20 
kV cm for PMN [shown in the lower side of the inset of Fig. 7(a)] is consistent with the 
earlier reported result [2,6,26]. Also no change in the P-E loop is observed when 20 kV/cm 
external field is switched at lower frequencies up to 1 Hz. A significant drop in the Pmax is 
noticed with 4at% Gd-substitution, which is consistent with earlier study [26]. It may be 
noticed from the Table 2 that lower Pmax ~ 5.6 μC/cm
2
 value for PGMN4-VA in comparison 
to Pmax ~ 9.5 μC/cm
2
 for PGMN4-VB and PGMN4-R is due to presence of the pyrochlore 
phase. 
Figure 7(b) shows the P-E hysteresis loop at 180 K for PGMN4-A/B/R. Inset of the 
Fig. 7b reveals typical ferroelectric like P-E hysteresis loop for PMN, which indicates the 
development of long range order. The Pmax, Pr, and Ec is 35.7 μC/cm
2
, 30.7 μC/cm2, and 10.5 
kV/cm, respectively for PMN is consistent with the earlier report [2,6,26,48]. It is important 
to note that PMN is able to sustain Pr at 180 K, which confirms the slowing down of polar 
nano-domains dynamics, but when the applied external field is more than the random field, 
the nano-polar domains convert into macroscopic domains. The Pr, Pmax and the area under 
the curve is decreased with 4at% Gd-substitution in PMN, which is due to enhancement in 
size of the CORs and reduction in correlation among PNRs. The least value of Pr and Pmax for 
PGMN4-VA compared to PGMN4-VB/R is due to presence of the pyrochlore phase. This 
study clearly demonstrates that the charge imbalance created by alio-valent ion substitution at 
Pb-site in PMN must be carried out by changing B-site cation ratio instead of by creating A-
site and B-site vacancies.  
 
4. Conclusions 
Systematic studies on the charge compensation mechanism concludes that the charge 
imbalance created by 4 at.% Gd-ion substitution at Pb-site in PMN relaxor ferroelectric must 
be carried out by changing the B-site cations ratio. Phase analysis confirms the formation of 
the pyrochlore secondary phase in PGMN4-VA in which charge imbalance is compensated 
by creating A-site vacancies. Elemental mapping of the fractured surface reveals that all three 
charge compensation mechanisms are unsuccessful in circumventing minor GdNbO4 phase, 
which is formed due to the low solubility limit of Gd-ion at Pb-site in perovskite lattice of 
PMN. Microstructure analysis reveals linear relation between the grain size and the vacancies 
defect concentration. The lower Pmax and εm for PGMN4-VA is consistent with the presence 
of pyrochlore phase. The Mydosh parameter “K” reveals critical slowing down of PNRs 
dynamic resulting ensemble of PNRs to superdipolar glass state for PGMN4-VB/R, whereas 
the pyrochlore phase in PGMN4-VA causes reduction in interaction among PNRs.  
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Figures and Table Caption 
 
Table 1. Variation of the lattice parameter, different phase concentrations, grain size of PMN 
and PGMN4-VA/VB/R ceramics. 
Table 2. Variation of dielectric properties [εm, Tm, δA, ∆Tm (=Tm,100kHz - Tm,100Hz)], and field 
induced polarization (Pmax at 20 kV/cm) of PMN and PGMN4-VA/VB/R ceramics. 
Table 3. Fitting parameters of critical slowing down glass model [Eq. (3)] to frequency 
dependent Tm and Mydosh parameter “K” for PMN and PGMN4-VA/VB/R ceramics. 
Fig. 1. Comparison of XRD pattern of the PMN and PGMN4-VA/VB/R ceramics sintered at 
1200 
o
C, where  the perovskite  phase is indexed by JCPDS 27-1199 and few minor peaks 
pyrochlore phase are marked  by “*”and GdNbO4 marked by “o” MgO is marked by an 
arrow; inset (a) shows the (½ ½ ½) supperlattice reflection resulting from the doubling of unit 
cell (Fm3m crystal symmetry), inset (b) is enlarged view in 2θ range 27o - 33o  to depict the 
secondary phases, and inset (c) shows concentration of perovskite phase (%) for PMN and 
PGMN4-VA/VB/R ceramics. 
Fig. 2. Determination of lattice parameter and phase fractions using Rietveld refinement 
fitting of (a) PMN, (b) PGMN-VA, (c) PGMN-VB, and (d) PGMN-R ceramic samples using 
different phases. 
Fig. 3. (a) PMN, (b) PGMN-VA, (c) PGMN-VB, and (d) PGMN-R and the spherical grains 
(size < 1 μm) confirming the second GdNbO4 phase are marked by arrow. 
Fig. 4. SEM micrograph of the fractured surface of (a) PMN, (b) PGMN-VA, (c) PGMN4-
VB, and (d) PGMN4-R ceramic along with Pb, Gd, Mg, and Nb elemental mapping revealing 
uniform distribution of these ions in the perovskite grains and segregation of the GdNbO4 and 
MgO phases. 
Fig. 5. Temperature dependence of the dielectric constant and loss tangent at different 
frequencies in the 100 Hz to100 kHz range for (a) PMN, (b) PGMN-VA, (c) PGMN-VB, and 
(d) PGMN-R ceramics. 
Fig. 6. (a) Comparison of temperature dependence of dielectric constant and loss tangent at 1 
kHz frequency for PMN and PGMN4-VA/VB/R ceramics, (b) Comparison of normalized 
plot ε’/ε’m vs T/Tm of PMN and PGMN4-VA/VB/R ceramics; (c) Variation of diffuseness 
parameter, δA calculated by fitting ε’(T) (f = 1 kHz) to Eq. (2) and inset shows fitting of 
temperature dependence of 1/ε’(T) to Eq. 2 for PGMN4-VB sample, (d) Fitting to critical 
slowing down glass model, where open symbols represent the temperature of εm (Tm) in the 
frequency range of 0.1-100 kHz and the red dotted line is fitting to Eq. (3). 
Fig. 7. Comparison of PE-loop recorded at (a) 300 K and (b) 180 K when 20 kV/cm field 
applied at 50 Hz frequency for PMN and PGMN4-VA/VB/R ceramics. 
 
  
Table 1 
Sample % Phase deduced from Rietveld refinement Lattice constant of 
perovskite phase 
‘a’ (Ǻ) 
Average 
grain size 
(μm) Perovskite Pyrochlore MgO GdNbO4 
PMN 100 - - - 4.0439(4) 11.0 
PGMN4-VA 58 40.82 1.19 - 4.0418(5) 2.5 
PGMN4-VB 99.10 - - 0.9 4.0419(3) 4.8 
PGMN4-R 99.18 - - 0.82 4.0420(3) 12.0 
 
Table 2 
Sample f = 1 kHz δA ∆Tm (K) Pmax (μC/cm
2
) 
E=20 kV/cm 
εm Tm (K) 
PMN 21762 265 46 13.6 21.5 
PGMN4-VA 4360 247 98 17.9 5.6 
PGMN4-VB 7668 235 94 20.8 9.2 
PGMN4-R 7872 235 95 22.4 9.5 
 
 
Table 3 
PMN 
Samples 
Critical slowing down model Adj. R-
square 
Mydosh 
factor 
“K” zv Tg (K) fo (Hz) 
PMN 10.5(±0.4) 248.4(±0.6) 1.58(±0.46) x 1015 0.99995 0.017 
PGMN4-VA 10.8(±0.2) 223.6(±0.4) 3.23(±0.62) x 1013 0.99968 0.023 
PGMN4-VB 13.5(±0.5) 199.8(±1.6) 1.70(±0.32) x 1013 0.99981 0.029 
PGMN4-R 14.0(±0.7) 193.2(±2.8) 6.77(±1.04) x 1012 0.99984 0.031 
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